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Biochemistry, Molecular Biology & Biophysics, University of Minnesota, Minneapolis, MinnesotaABSTRACT Solid-state NMR spectroscopy is emerging as a powerful approach to determine structure, topology, and confor-
mational dynamics of membrane proteins at the atomic level. Conformational dynamics are often inferred and quantified from the
motional averaging of the NMR parameters. However, the nature of these motions is difficult to envision based only on spectro-
scopic data. Here, we utilized restrained molecular dynamics simulations to probe the structural dynamics, topology and confor-
mational transitions of regulatory membrane proteins of the calcium ATPase SERCA, namely sarcolipin and phospholamban, in
explicit lipid bilayers. Specifically, we employed oriented solid-state NMR data, such as dipolar couplings and chemical shift
anisotropy measured in lipid bicelles, to refine the conformational ensemble of these proteins in lipid membranes. The samplings
accurately reproduced the orientations of transmembrane helices and showed a significant degree of convergence with all of the
NMR parameters. Unlike the unrestrained simulations, the resulting sarcolipin structures are in agreement with distances and
angles for hydrogen bonds in ideal helices. In the case of phospholamban, the restrained ensemble sampled the conformational
interconversion between T (helical) and R (unfolded) states for the cytoplasmic region that could not be observed using standard
structural refinements with the same experimental data set. This study underscores the importance of implementing NMR data
in molecular dynamics protocols to better describe the conformational landscapes of membrane proteins embedded in realistic
lipid membranes.INTRODUCTIONAlmost all biomembranes are in a liquid-crystalline lamellar
state (La phase), where phospholipid dynamics maintain
liquid-like properties of the lipid bilayers (1). Integral mem-
brane proteins have structural and chemical features match-
ing the anisotropic nature of the lipid membranes in which
they are embedded. Within the lipid matrix, membrane
proteins undergo complex conformational dynamics, such
as rotational diffusion about the membrane normal, pitching
about the tilt angle (q), and lateral diffusion, as well as
internal motions such as librations of the peptide planes,
fluctuations of loops, and large-scale conformational transi-
tions. These dynamics can cover different timescales (i.e.,
from subnanoseconds to milliseconds and beyond) and
have key functional roles.
In past decades, solid-state NMR (ssNMR) techniques
have emerged as powerful approaches for the characteriza-
tion of membrane protein conformational dynamics at the
atomic level. ssNMR techniques are especially tailored to
probe both global and internal motions (2,3). Unlike x-ray
crystallography, ssNMR samples are prepared using lipid
membranes, with lipid/protein ratios that closely mimic
those in natural membrane environments (4,5). Using these
preparations, structural and dynamic NMR parameters can
be obtained by either oriented ssNMR or magic-angle-
spinning (MAS) NMR spectroscopy (5–7). These twoSubmitted September 17, 2013, and accepted for publication March 19,
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tandem to obtain both structure and topology of membrane
proteins (8–11). The MAS techniques are used to measure
isotropic chemical shifts, which give information on torsion
angles, as well as distances (12–14). In addition, recoupling
experiments enable the recovery of anisotropic dipolar and
chemical shift parameters that can be used to orient chemi-
cal groups with respect to an internal reference axis (15–17).
In contrast, oriented ssNMR enables the direct detection of
dipolar couplings (DCs) and chemical shift anisotropy
(CSA), but it requires samples that are uniformly aligned
with respect to an external reference frame (18,19). Both
MAS and oriented ssNMR techniques carry intrinsic infor-
mation on the dynamics of membrane proteins (3); however,
their interpretation in terms of conformational dynamics
(internal protein motions) is still a matter of debate.
To address this issue, theoretical approaches have been
extensively applied and several different models have been
proposed to describe the dynamics of membrane proteins
(20,21). However, their general applicability is question-
able, as the systems studied and reported in the literature
are still quite sparse. Atomistic molecular dynamics (MD)
simulations, which in the past few years have undergone
significant progress, represent a promising approach to
study these systems (22–27). Nonetheless, the imperfections
in the parameterizations of the force fields, as well as the
difficulties in sampling the large conformational phase
space of the membrane/protein/water systems, still re-
present significant challenges for MD calculations of
membrane proteins. Although experimental and theoreticalhttp://dx.doi.org/10.1016/j.bpj.2014.03.026
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tions, a general view is emerging in which the combination
of sparse experimental data and molecular simulations can
be used to provide a significant step forward in the charac-
terization of protein structure and dynamics (28–33),
including those highly dynamical membrane protein states
that exert their biological functions through order-disorder
transitions or transient protein-protein interactions at the
membrane surface.
In this article, we exploit the combination of ssNMR and
first-principles MD simulations to describe the conforma-
tional dynamics and topology of the 31-residue membrane
protein sarcolipin (SLN) and the 53-residue membrane
protein phospholamban (PLN) in 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC) lipid bilayers. Both SLN and
PLN have been extensively characterized by solution
(34,35) and ssNMR spectroscopy (8,10,36–38), and the
two proteins play a crucial role in cardiac muscle contrac-
tility, regulating (SERCA), a P-type ATPase that is respon-
sible for the active transport of Ca2þ ions into the
sarcoplasmic reticulum (39–44).
We employed oriented ssNMR data such as 1H-15N DC
and 15N CSA as restraints in the MD calculations. CSA
and DC measured by oriented ssNMR spectroscopy in ori-
ented lipid bicelles are powerful structural restraints for
MD (45,46) and structural refinement (3,47–49), as they
provide direct information on the orientations of bond vec-
tors and peptide planes with respect to the lipid bilayer.
These data constitute sensitive probes of tilt (q) and
azimuthal (r, rotational) angles of transmembrane (TM)
helices (4,5). Moreover, these restraints, being sensitive to
changes in orientation with respect to the external magnetic
field, are ideal for understanding site-specific as well as
whole-body dynamics.
Our restrained simulations generated highly accurate
structural ensembles that showed significantly improved
topological, dynamical, and structural properties in very
good agreement with the experimental data. Not only do
the restrained simulations rectify the helical tilt and
azimuthal angles compared to the unrestrained simulations;
they also improve the agreement with fast motions as probed
by 15N relaxation S2 in SLN (34). In addition, the resulting
structures do not show the prominent curvature observed in
the unrestrained simulations; rather, the SLN helix is more
regular, displaying hydrogen-bond distances and angles
typical of ideal helices. Finally, the employment of
ensemble-averaged restrained MD simulations provides a
description of the conformational equilibria of the cytos-
plasmic region of PLN, showing the interconversion be-
tween the T and R states, which is an essential component
of its mechanism of SERCA regulation (50). These encour-
aging results support the view that membrane protein simu-
lations integrating oriented ssNMR data can be quite
accurate in describing biomolecular processes and inter-
actions at the cellular membrane.METHODS
CSA and DC restrained MD
To generate the structural ensemble of membrane proteins, we first imple-
mented CSA and DC restraints in the GROMACS package for MD simula-
tions (51), which allows the use of a variety of force fields for proteins,
water molecules, and lipids, as well as a large number of integration
methods, such as replica exchange (52,53) and metadynamics (31,54).
The restraints were imposed by adding the experimentally driven energy
terms VCSA and VDC (see the Supporting Material) to the standard force
fields, VFF.
VTotal ¼ VFF þ VCSA þ VDC: (1)
In this study, CSA and DC restraints have been imposed either on the indi-
vidual systems or as ensemble-averaged values over simultaneously
evolving copies, i.e., replicas, of the system (see the Supporting Material).
Replica average simulations are optimal to account for multiple conforma-
tions in fast exchange. The employment of replicas has been tested for a
number of NMR and other biophysical restraints (31,55–57), including
CSA and DC (45,46).Structural models for CSA and DC
Chemical shift anisotropy is defined using a 3 3 tensor (the chemical shift
tensor) that describes the interaction of the nuclear spin with the external
magnetic field. This tensor is dependent on the local environment around
the nuclear spin and thus encodes the local geometry for any given nucleus.
Studies using a variety of approaches, including static unoriented samples
(powder pattern) generated by ssNMR (58) and in solution NMR (59),
have shown that such a tensor for the amide nitrogen in protein can be
defined by the tensor elements given in Fig. S1 in the Supporting Material
(d11, d22, d33), where, according to the convention of the International Union
of Pure and Applied Chemistry, d33 R d22R d11.
The magnitude and orientation of the CSA tensor may vary significantly
for different amide groups. However, experimentally it is found that apart
from glycine, most of the other tensors have only a small variability of
~55 ppm (60). Especially for membrane proteins, such variability is
minimal because of the similarity of the environment around transmem-
brane residues. Nevertheless, a 55 ppm error irrespective of the experi-
mental error, which is typically of the order of 2–3 ppm, must be
included to account for this variability. For the anisotropic chemical shift,
we used the following mathematical formula:
d15N ¼ d11  sin2ða 17Þ  sin2ðbÞ þ d22  cos2ðbÞ
þd33  cos2ða 17Þ  sin2ðbÞ:
(2)
where the d11, d22, and d33 are the experimentally determined components
(in ppm) of the 15N amide chemical shift tensor in the principal axis frame
(PAF), and a and b are the experimentally determined Euler angles (in de-
grees) used to transform from the laboratory frame to PAF (19). We em-
ployed constant values of the chemical shift tensor using standard
parameters (d11¼ 64.0, d22¼ 76.0, d33¼ 216.9 for nonglycine, and d11 ¼
46.5, d22 ¼ 66.3, d33 ¼ 211.6 for glycine residues). Fixed values of the
tensor may represent a minor source of error, as ab initio studies have shown
that CSA tensors may be subject to variation due to different factors (94–
96). The harmonic function associated with our restraints, however, imple-
ments a 5 ppm error range and takes into account the variability of the
tensor in addition to the experimental error.
Unlike the CSA, the DC tensor for amide groups (N-H) is highly uni-
form, depending only on the N-H bond length and its orientation with
respect to external magnetic field (Fig. S1):Biophysical Journal 106(12) 2566–2576
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2
zDC

3 cos2 q 1; (3)
where zDC is set to 10.52 kHz. Any motion corresponding to rapid changes
in orientation of N-H bond vector with respect to the magnetic field will
scale down the DCs from the maximum value. Global motions of the pro-
teins such as rotations around the bilayer normal and/or overall rotational
motion of the bicelle need to be taken into account using a uniform scaling
factor for all the restraints. For bicelles, the scaling factor was found to be
0.8 (21,61).RESULTS
Accuracy of CSA and DC as restraints in MD
simulations
The orientational properties (i.e., topology) of TM a-helices
are best described in terms of tilt and azimuthal angles
(Fig. 1). To test whether CSA and DC restraints efficientlyBiophysical Journal 106(12) 2566–2576instruct the simulations to adopt the target topology, we car-
ried out a series of single-replica restrained simulations of
SLN in the lipid bilayer, targeting different values of tilt
and azimuthal angles. These in silico experiments were per-
formed by orienting a target SLN structure with tilt and
azimuthal angles of 8 and 67, respectively. Using this
target model, we back-calculated a set of CSA and DC
data and imposed these as experimental data in a restrained
MD simulation, starting from a conformation of SLN equil-
ibrated in DOPC bilayer (starting tilt and azimuthal angles
of 23 and 29, respectively). The restraints were imposed
using 2 ppm and 0.4 kHz as uncertainties for CSA and
DC, respectively. With the employed force field and MD
setting, unrestrained simulations fluctuate in such a way as
to adopt variable tilt angles in the range 25–40 and variable
azimuthal angles in the range 20–60 (Fig. S2). As a result,
the agreement between the back-calculated CSA and DC
data from the unrestrained MD and those from the targetFIGURE 1 Tilt and azimuthal angles in
restrained MD simulations. Simulations employed
CSA (green), DC (orange), and CSA þ DC (red)
restraints. (a) Evolution of tilt angles during 50 ns
of MD simulations. The angles are calculated
between the axis of the a-helix and the B0magnetic
field vector oriented in the Z-dimension and
perpendicular to the lipid bilayer. (b) The azimuthal
angle is defined on the plane perpendicular to the
helix axis. The angle is calculated between the pro-
jection of the Ca atom of Trp-23 on the helix axis
and the plane defined by the helix axis and B0. To
see this figure in color, go online.
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structures performed with CSA and/or DC restraints rapidly
converge to the correct topology with low Q factor values
(Fig. S3, B–D). The two types of restraints are correlated;
that is, while imposing CSA as a restraint, we observe a
reduction of the Q factor for DC restraints, and vice versa
(Fig. S3 B). The best agreement with the tilt and azimuthal
angles is obtained when both CSA and DC restraints are
imposed simultaneously. In the latter case, the average Q
factors plateau out at 0.025 5 0.002 and 0.074 5 0.005
for CSA and DC, respectively. These simulations converged
and show an excellent agreement with the tilt and azimuthal
angles of the target structure (Fig. 1 A). In particular, when
using CSA and DC restraints, tilt angles from the MD simu-
lation converge to the target values within the first 10 ns, i.e.,
when the system is still in the equilibration phase and before
the final values of the a constants are reached. Very good,
but slower, convergence is also observed for the azimuthal
angle, suggesting that it is necessary to include both CSA
and DC data to achieve a highly accurate characterization
of the topology of SLN (Fig. 1 B). Conversely, by using
either DC or CSA restraints alone, the convergence of the
azimuthal angle is poor, as monitored over 50 ns of MD
calculations.
Additional restrained simulations were carried out,
changing the target tilt and azimuthal angles systematically(Fig. S4). From these data, we conclude that regardless of
the orientation of the target structure, the restraints help
the simulated trajectories of SLN to converge toward the
target tilt and azimuthal angles (Fig. S4). This analysis
also shows that the CSA and DC are highly effective re-
straints for MD simulations of membrane proteins and can
be employed to obtain correct topologies and large-scale
conformational transitions of secondary structure elements
with respect to the membrane bilayer.Refinement of SLN structural ensembles using
experimental CSA and DC
Using the optimal setting of CSA and DC restraints applied
simultaneously (Fig. 1), we refined the structural ensemble
of sarcolipin by using experimental CSA and DC recorded
in DMPC-POPC-D6PC bicelles (10,36). The experimental
errors utilized for these simulations were 5 ppm and
0.5 kHz for CSA and DC data, respectively. To validate
the convergence and reproducibility of the method, we per-
formed five different MD simulations in a DOPC lipid
bilayer, starting from SLN conformations at different tilt
(12, 19, 30, 42, and 51) and azimuthal (80, 38, 17,
8, and 103) angles. All five trajectories converged to the
same tilt and azimuthal angles (Fig. 2, A and B), with
the SD for the average tilt and azimuthal angles amongFIGURE 2 Structural ensemble refinement of
SLN in a lipid bilayer by CSA and DC restrained
simulations. (a) Evolution of the tilt angles during
the structural refinements. The initial tilt angles
were 11.8 (black), 19.2 (red), 30.4 (orange),
41.9 (green), and 50.8 (blue). (b) Evolution of
the azimuthal angles during the structural refine-
ments. The initial azimuthal angles were 80.3
(black), 38.6 (red), 17.3 (orange), 7.7 (green),
and 102.5 (blue). Curve fitting using first-order
exponential decays (yellow lines in a and b). (c)
Refined structural ensemble of SLN in a lipid
bilayer. (d and e) Experimental (black) versus
calculated (red) CSA and DC values. Experimental
errors for CSA and DC are 5 ppm and 0.5 kHz,
respectively. Error bars in calculated CSA and
DC correspond to standard deviations. (f) Amide
S2 values from unrestrained (blue) and restrained
(orange) MD simulations and 15N relaxation
experiments (green). (g) Root mean-square fluctu-
ations (RMSFs) calculated on Ca atoms of SLN in
the unrestrained (blue) and restrained (orange) MD
simulations. To see this figure in color, go online.
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resulting ensemble (Fig. 2 C) shows average angles of 23
for the tilt and 29 for the azimuthal angles. These angles
are in good agreement with those predicted from the exper-
imental data using analytical expressions (62). The back-
calculated CSA and DC from the ensemble are in excellent
agreement with the experimental data, with Q factors of
0.025 and 0.76 and standard deviations of 2.34 ppm and
0.48 kHz, respectively (Fig. 2, D and E). In contrast, the cor-
responding unrestrained simulations show Q factors of 0.66
and 0.147 and standard deviations of 10.72 ppm and
1.09 kHz for CSA and DC, respectively. In addition to the
convergence in topological orientations, the five simulations
show a significant convergence of the structure of SLN, as
shown in Table 1.
Remarkably, the convergence of the restrained simula-
tions as monitored by the tilt and azimuthal angles is inde-
pendent of the nature of the explicit lipids employed.
Indeed, additional simulations using different parameteriza-
tions (63) of DOPC lipids (Fig. S5) or different lipid bilayers
composed of POPC lipids (64) (Fig. S6) converged toward
the same tilt and azimuthal angles. This finding indicates
that the dominant factor in the orientation and topology of
TM helices in our restrained simulation is the information
contained in experimental CSA- and DC-restraints. This
result provides striking support for the study of the dy-
namics and structure of membrane proteins via restrained
MD simulations and indicates that the restraints are indeed
powerful means to overcome the intrinsic limitations of
force fields to achieve an accurate characterization of the
topology and fluctuations of TM helices.
We also analyzed the effects of the CSA and DC restraints
on the local dynamics of amide groups. We found that the
calculated order parameters (S2) of the restrained ensemble
are higher in the helical part of the protein, which is more
rigid for residues 6–27 with respect to the unrestrained sim-
ulations (Fig. 2 F), whereas the termini are more flexible
(lower S2 values). This trend, confirmed by the Ca root
mean-square fluctuations (RMSFs; Fig. 2 G), is in closer
agreement with experimental order parameters determined
in micelles by solution NMR (Fig. 2 F). Interestingly, the
restrained simulations display a higher degree of ideality
of the SLN helical region (Fig. S7). The latter is not surpris-TABLE 1 RMSD values between restrained-MD samplings
MD 1 MD 2 MD 3 MD 4 MD 5
MD 1 — 0.70 0.76 0.97 0.72
MD 2 1.68 — 0.39 0.52 0.33
MD 3 1.50 1.23 — 0.50 0.37
MD 4 2.14 1.89 1.32 — 0.46
MD 5 1.77 1.43 1.38 1.95 —
Average values of the RMSDs calculated between structures of two ensem-
bles. Top corner of the matrix reports RMSD values calculated using Ca
atoms of residues 6–27. Bottom corner reports values calculated using all
Ca atoms.
Biophysical Journal 106(12) 2566–2576ing, since Cross and co-workers have demonstrated that the
TM domains of membrane proteins are more regular than
their soluble counterparts (60,65). Interestingly, in the
absence of structural restraints, the helical region of SLN
(residues 6–27) in lipid membranes has a tendency to break
into two different regions and adopt a curved structure. In
contrast, when experimental restraints are imposed, we
observed a helical conformation closer to an ideal helix.
Moreover, restrained simulations show a better agreement
with the canonical distances and angles that characterize
hydrogen bonds in ideal helices (Fig. 3, D and E). Overall,
these findings underline the efficiency of CSA and DC
restraints in correcting the imperfection of force fields
toward an accurate description of the conformational land-
scapes of membrane proteins embedded in realistic lipid
membranes.
We previously pointed out key side-chain interactions
that stabilize SLN structure in lipid membranes (62). All
of these interactions are reproduced in both the unrestrained
and restrained simulations carried out here; therefore, it is
not possible to establish the impact of the restraints on the
side-chain conformations, as we established in the case of
residual dipolar couplings restrained ensembles for ribonu-
clease A (66).
We then compared the back-calculated polarization inver-
sion spin exchange at magic angle (PISEMA) spectra from
both restrained and unrestrained MD simulations. As ex-
pected, the CSA and DC restraints utilized in the simula-
tions result in a more regular oscillatory pattern of the
CSA and DC (65,67) typical of ideal helices (Fig. 3,
A–C). Also, we found that the spread of the DC and CSA
values around the average in the restrained MD simulations
is much smaller than that in the corresponding unrestrained
simulations (Fig. 3, A and B). A possible explanation is that
without DC and CSA restraints, the calculations overesti-
mate the fluctuations of the amide group dynamics (68), pre-
dicting larger line widths for the PISEMA resonances.
Interestingly, after removing the contribution of the mosaic
spread and tilt and azimuthal angle fluctuations, the spread
of the DC and CSA values around the average values in
the restrained MD simulations (Fig. 3 C) is similar to the
experimental line widths measured in the PISEMA experi-
ments. Although this is far from a quantitative assessment
of the line widths, these results suggest that restrained sim-
ulations may provide a quantitative interpretation of the
conformational dynamics of membrane proteins from the
analysis of the CSA/DC patterns.Refinement of PLN conformational equilibrium
using experimental CSA and DC
Characterizing the dynamics and topology of PLN is crucial
to understanding its regulatory function for cardiac muscle
relaxation (50,69–71). PLN exists as a pentamer in the
sarcoplasmic reticulum membrane and disassembles into
FIGURE 3 PISEMA plot for amides of residues 6–28 of SLN. (a) Unrestrained simulations and (b) CSA and DC restrained simulations. Note that these
plots are not calculated using 10 torsion-angle averaging as in Shi et al. (62), but using instantaneous conformations. Error bars indicate the mean5 SD of
the values. (c) Curve levels population distributions of CSA and DC values from the restrained simulations in the PISEMA plot. (d and e) Local geometry of
main-chain H-bonds assessed by the angle between N, H, and O and the distance between N and O atoms in unrestrained (d) and restrained (e) simulations.
The example focuses on the H-bond between residues 16 and 20, but consistent results are found throughout the SLN helix. To see this figure in color, go
online.
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possesses a metamorphic N-terminal cytoplasmic domain
that folds upon interaction with the lipid membrane(50,69–71,75). Both solution and solid-state NMR identified
two major conformational states: T and R states. In the
T state, domain Ia (residues 1–16) is associated with theBiophysical Journal 106(12) 2566–2576
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the R state, domain Ia is completely unfolded and mem-
brane-dissociated. Additional states between the T and R
states, namely T0 and R0, could be identified by relaxation
dispersion measurements (76) and other types of experi-
ments (70,77,78). PLN conformational equilibrium is a
fundamental element for SERCA regulation, where the
interplay between the T and R states ensures proper regula-
tion, as well as recognition and phosphorylation by protein
kinase A (PKA), an event that reverses SERCA inhibition
by PLN, restoring its apparent Ca2þ affinity (71,79,80).
Indeed, the employment of proper membrane mimetic sys-
tems, such as lipid membranes, is of paramount importance,
since micelles alter the populations along this equilibrium
(4,37,81). Ensemble simulations using replica-averaged
restraints are able to describe the equilibrium between
different conformations that contribute via Boltzmann
weights to the ensemble-averaged experimental data in
explicit membrane environments. We found that the optimal
number of replicas was 16 (see the Supporting Material),
and subsequently ran 16-replica-ensemble restrained simu-
lations based collectively on 100 annealing cycles (0.5 ns
per replica) with temperatures ranging from 300 K to 400
K (66,82). We refined the structural ensemble of PLN in
its T state using CSA and DC data (38). As a starting con-
formation, we chose one conformer from the structural
ensemble calculated using XPLOR-NIH (47). The system
included PLN in DOPC bilayers with explicit water mole-
cules (see the Supporting Material).
The resulting structural ensemble shows well defined tilt
(23.45 2.9) and azimuthal (202.65 7.3) angles for the TM
domain of the protein (domain II), which is in agreement
with the static fit carried out on the initial solid-state
NMR data (83). The N-terminal cytoplasmatic domain
features a large variety of orientations parallel to the lipid
surface (Fig. S8). By analyzing the distribution of confor-
mations explored in our calculations, we found that most
conformers show the characteristics of the T state, with an
a-helical fold of domain Ia (residues 1–16) that adopts theBiophysical Journal 106(12) 2566–2576typical orientation of amphipathic helices with hydrophobic
residues pointing toward the inner core of the membrane and
hydrophilic residues pointing toward the bulk water.
In Fig. 4, the T conformation corresponds to a relatively
stable helix in domain Ia, with approximately eight i and
i þ 4 backbone hydrogen bonds with extensive protein/
lipids contacts. Although the majority of the conformations
lie in the T-state region of the distribution, a small popula-
tion of substates reveals the structural transitions toward
the R state, with several residues of domain Ia disrupting
H-bonds and detaching from the lipid membrane surface.
Note that the structural refinements carried out with
XPLOR-NIH converged to a unique folded state, with no
conformers showing unfolding (i.e., no conformers in the
R state) (10,38,62). This finding is of great significance,
as it shows that the conversion from the T to the R state fol-
lows an unfolding pathway of domain Ia with subsequent
detachment from the lipid surface. The unfolding of domain
Ia was hypothesized in the denaturation experiments carried
out in detergent micelles but was never demonstrated (69).DISCUSSION
Atomistic MD simulations are essential for interpreting
molecular motions of biomacromolecules (84). In the past
few decades, unrestrained MD simulations have contributed
greatly toward our understanding of molecular motions and
their connection to biological function (84). However, the
limitations of the classical force fields caused by the simpli-
fied treatment of intra- and intermolecular interactions, as
well as the lack of polarizable force fields, cause the molec-
ular systems to explore phase spaces that are not compatible
with the experimental data (85). It has been shown that force
field deficiencies or insufficient sampling may cause the
molecular systems to identify conformations that are un-
likely to be populated in real systems (85). Structural
restraints derived from experimental data can supply addi-
tional information, biasing the conformational sampling to-
ward a more realistic energy landscape (28,30). For solubleFIGURE 4 Two-dimensional distribution of T
and R states for PLN in explicit lipid membranes
calculated using two reaction coordinates. The first
is the number of H-bonds between residues i and
i þ 4 in domain Ia of PLN (residues 1–16). The
second is the number of intermolecular contacts
between lipids and protein atoms in domain Ia.
Only heavy atoms are considered in this calcula-
tion. The curves have been calculated by interpo-
lating the population values in discrete bins of the
2D space. A plot reporting the discrete populations
is shown in Fig. S10. To see this figure in color, go
online.
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ual DCs (55,66), H/D exchange data (57), and other NMR
observables. In the case of membrane proteins, however,
these restrained MD simulations are still sparse due to the
paucity of experimental data available.
For oriented ssNMR data, membrane protein dynamics
have been indirectly derived from theoretical models used
to fit NMR parameters such as DC and CSA. Valuable infor-
mation on protein dynamics has also been extracted using
unified theory of the NMR line shapes of aligned membrane
proteins (21). These methods, however, are all model-based,
and can in principle misinterpret the orientational informa-
tion and/or underestimate the conformational dynamics. To
overcome this problem, with a similar approach to solution-
NMR restrained MD (28–31,45,55–57), we here imple-
mented DC and CSA in GROMACS and used them with
the AMBER99sb force field (86–88) and TIP4pEW (89)
to simulate the dynamics of SLN in lipid membranes. We
found that experimental restraints such as DC and CSA
dramatically improve the dynamical description of mem-
brane proteins. These are particularly effective in driving
the topological properties of the protein, including the tilt
and azimuthal angles. Moreover, backbone torsion angles,
as well as the hydrogen bonds in the helical segment of
SLN, are much closer to those of ideal helices than in the
unrestrained sampling. The restraints also have an effect
on the local motions by improving the agreement between
back-calculated and experimental order parameters of
SLN. When heterogeneous systems are studied, ensemble-
averaged restraints can be effectively used to refine the
structures of different conformational states in equilibrium
and to quantify their populations. In this study, we showed
the accuracy of this approach by refining the structural
ensemble of PLN and pointing out the nature of its confor-
mational change from the T to the R state. Capturing these
structural conversions and motions is important not only
for understanding PLN biological function, but also for
designing mutants that promote loss-of-function states for
possible use in gene therapy (90,91).
In conclusion, by using experimental restraints from
oriented ssNMR in MD simulations in explicit solvent
and lipid environments, we produced structural ensembles
of SLN and PLN that accurately reproduce the dynamical
properties of these membrane proteins. Because of
the increasing availability of experimental data on the
structure and dynamics of lipid-emended proteins
(8,10,11,17,50,92,93,96,97), the constant optimization of
the force fields, and the definition of new enhanced sam-
pling methods, the combination of oriented ssNMR experi-
ments and MD simulations represents a highly promising
approach to characterize the dynamical behavior of mem-
brane proteins, including those dynamical states that exist
in equilibrium between multiple conformations and whose
populations are finely regulated by complex mechanisms
that direct bimolecular trafficking at cellular membranes.SUPPORTING MATERIAL
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